Various non-standard filler materials are used in concretes to improve fresh and hardened concrete properties. This paper reports results from investigations on the effects of a coarse glass powder on the hydration and strength development of cement pastes. It is shown that the incorporation of glass powder results in enhancements in the degrees of hydration of the cement grains in the system. Using a mixing model for non-evaporable water content, a methodology to quantify the enhancement in the degree of hydration of cement as a result of the presence of glass powder is proposed. In order to quantify the relative effects of dilution (reduction in cement content, and thus of the hydration products) and increase in degree of cement hydration on the mechanical properties, a strength index, which accounts for the mass fraction of the reacting material, is proposed in this paper. Using the strength index, it is shown that the use of coarse glass powder filler is beneficial in pastes with lower water-to-cement ratio (w/c), where a portion of cement remains unhydrated. Increasing glass powder contents are observed to result in increased heat of hydration per unit mass of cement. However, beyond a certain glass powder content, the heat of hydration decreases due to the dominance of the dilution effect. The ultimate heat of hydration obtained from a three parameter model, the cement content, and the ultimate degrees of hydration are used to specify a new parameter termed the total ultimate heat of hydration. It is suggested that the total ultimate heat of hydration per unit volume of paste can be used to compare between mixtures made with different w/c and glass powder contents since this term, as defined in this paper, accounts for both the hydration enhancement and dilution effect from filler addition.
Introduction
The need to obtain concretes with better performance characteristics at either low water-cementitious materials ratios (w/cm) or reduced cement contents has led to the use of a variety of fine materials with or without supplementary cementing properties. In SelfConsolidating Concretes (SCC), these fine materials are added so as to increase the flowability of concrete, at the same time aiding to reduce the cement content. This is an economically viable proposition, and also helps to control thermal and shrinkage stresses. In High Performance Concretes (HPC) with very low w/cm, it is well known that not all the cement in the mixture hydrates. It has been suggested that the coarser cement particles that will not undergo complete hydration in such mixtures be replaced by filler materials (Bonavetti et al., 2003; Bentz, 2005) . Several studies have investigated the influence of limestone powder on cement hydration and resultant material properties (Nehdi et al., 1996; Bonavetti et al., 2003; Zhu and Gibbs, 2005; Poppe and De Schutter 2005; Voglis et al., 2005; Ye et al., 2007) . The use of such fillers can contribute to the overall cause of sustainability if these materials are byproducts or waste products from some other manufacturing process. This also creates an opening for the use of non-standard filler materials that are of local or regional origin.
This paper investigates the use of a coarse glass powder (only 30% passing 45 μm sieve as compared to 97.4% for Portland cement) as a filler material on the behavior of cement pastes. Recycling of waste glass poses a major problem to municipalities in developed countries (Meyer et al., 2001) . Incorporation of waste glass powder in concrete, provided it is not detrimental to the properties and performance of concrete, becomes an environment friendly option in regions where there are local sources of glass powder which needs to be safely disposed. The glass powder used in this study is a by-product from the manufacture of industrial application and highway safety glass beads.
A few studies have reported the pozzolanicity and strength development of mortars and concrete incorporating waste glass powder (Shao et al., 2000; Dyer and Dhir, 2001; Shi et al., 2005; Shayan and Xu, 2006; , where as the use of crushed glass as aggregates also have been reported (Topcu and Canbaz, 2004; Sangha et al., 2004; Park et al., 2004) . However, the focus of this study is on the use of coarse glass powder as a cement replacing filler. An earlier study (Schwarz et al., 2007) has investigated the characterization of coarse glass powder modified pastes using electrical conductivity. A methodology to quantify the influence of a coarse filler on the enhancement in the degree of hydration of cement grains, and the development of a parameter that takes into account the relative effects of dilution and hydration enhancement on the compressive strength, are elucidated in this paper. It is anticipated that a better understanding of the influence of fillers like coarse glass powder on the properties cementitious systems could lead to efficient methods of material design to meet specified performance, consequently increasing their use in concrete.
Experimental investigations
The particle size distributions of both the ASTM C 150 Type I cement and the glass powder are shown in Fig. 1 . Table 1 lists the chemical compositions and physical properties of the ingredients. Cement pastes were prepared with glass powder replacing 0, 10, 20, and 30% of cement by mass. The water-to-solids (cement + glass powder) ratios (w/s) used were 0.32 and 0.42.
Test methods
The compressive strengths of the pastes were determined in accordance with the procedure given in ASTM C 109. The heats of hydration of the plain and modified pastes were determined using the Nordtest method specified in NT BUILD 480 (1997) . Type T thermocouples connected to a data acquisition system were inserted into the centre of the test specimens. Temperature was automatically recorded every 6 minutes during the entire measuring duration. The workability of the fresh pastes was determined using flow table (ASTM C 1437), and it was observed that an increase in glass powder content increases the flow value of the pastes. This can be attributed to the fact that the glass powder does not absorb any water, resulting in increased free water content in the system. The high alkali content of glass powder (Table 1) can raise concerns of expansion due to alkali-silica reaction (ASR). However, it is anticipated that the particle sizes of the coarse glass powder are too small to facilitate ASR (Jin et al., 2000) . A finer variety of glass powder was found to reduce the ASR expansion in mortars when tested in accordance with ASTM C 1260 . In any case, it is recommended that relevant screening for ASR be carried out before glass powder is used in concretes.
Degree of hydration from non-evaporable water content
Small paste specimens were cured under saturated limewater at 23±2 o C until the testing age (1, 3, 7, 14, and 28 days), and pieces weighing approximately 2-4 g were crushed into a powder and flushed with acetone to stop further hydration. The difference between the mass of the samples after drying at 105±5 o C for 24 hours (w 105 ), and then igniting to 1050 o C for 3 hours (w 1050 ), divided by the mass of the ignited sample (w 1050 ), and corrected for the loss on ignition of the unhydrated cement and glass powder based on their mass fractions gives the non-evaporable water content (w n ). The w n values were converted into apparent degrees of hydration (α') by dividing them with the w n of completely hydrated plain paste (0.227 for this cement, based on the Bogue composition and the reported bound water contents of the compounds). Since the glass powder is only a filler, the obtained degrees of hydration of modified pastes were corrected using the mass fraction of cement in the modified pastes to give the actual degrees of hydration (α).
where g is the mass fraction of glass powder. The actual It needs to be noted that a high value of degree of hydration of modified pastes does not indicate a higher volume of hydration products because the total cementing materials content is reduced when coarse glass powder is present. Filler materials result in a dilution effect (reduction in overall volume of the cementing materials, and consequently, that of hydration products), and the impact of such fillers on the properties of the material depends on how well the enhancement in hydration negates the dilution effect. This aspect will be dealt with later in this paper.
Quantification of the effect of filler on the enhancement in degree of hydration
While the incorporation of a filler material in cement pastes has been reported to increase the degree of hydration of the active cement grains (Bonavetti et al., 2003; Bentz 2006) , quantification of the increase in degrees of hydration has not been reported. This section attempts to develop an equation for the contribution of the filler towards the degree of hydration of modified pastes.
A detailed treatment of the changes in non-evaporable water contents and the degrees of hydration in cement pastes containing replacement materials (supplementary cementing or filler) has been provided in a recent publication by the author . The overall non-evaporable water [(w n ) T ] of a paste system incorporating a cement replacement material can be expressed as:
(w n ) c and m c are the non-evaporable water content and mass fraction respectively of cement in the paste, and (w n ) r and m r are the corresponding values for the replacement material. If a filler material like coarse glass powder is used in place of a part of the cement, the overall non-evaporable water [(w n ) T ] can be assumed to be entirely due to the cement hydration, and thus (w n ) r = 0.
As observed from Figs. 2(a) and (b), the filler material enhances the hydration of the available cement grains. Hence, (w n ) c can be expressed as:
is the non-evaporable water content of a cement paste with no filler material, and (w n ) c-f is the nonevaporable water content as a result of the enhancement in cement hydration due to the presence of the filler. (w n ) c = (w n ) c-0 for a plain cement paste. Combining Equations (2) and (3), and rearranging the terms gives: 
Influence of coarse glass powder on compressive strength
In order to use any filler material in high fines content concrete mixtures, it is important to understand the influence of the filler on the mechanical properties of the resulting material. In conventional cement pastes and concretes, an increase in degree of hydration can be directly correlated to better mechanical properties like compressive strength. However, for glass powder modified pastes, though the degree of hydration increases with increase in glass powder content as observed in the previous sections, the properties may not improve because of the dilution effect. This section explores methods to obtain a preliminary understanding of the influence of w/s and filler dosage that can produce a beneficial improvement in the mechanical properties of the paste -in other words, the relative influence of dilution effect and hydration enhancement.
Strength index
To ascertain the relative efficiencies of hydration enhancement and dilution effect, the use of a strength index (r), which is defined below is proposed in this paper. If f' c is the compressive strength of the paste at a certain age with a certain glass powder content, and m c is the mass fraction of cement in the mixture, then the adjusted compressive strength (f' c /m c ) quantifies how well the cement is used in the system. The effect of dilution can be considered to be compensated by increased hydration if:
where f' c-0 is the compressive strength of the plain paste at the same age. It needs to be emphasized here that, for the effect of dilution to be compensated by increased hydration, it is not necessary for the compressive strength of the modified paste to equal or exceed that of the plain paste. Figure 4 shows the adjusted compressive strength (f' c /m c ) plotted against the degree of hydration at 28 days for plain and modified pastes prepared with w/s of 0.32 and 0.42. It can be seen that f' c /m c decreases with increase in degree of hydration (or, increase in filler content in this case) for mixtures made with w/s of 0.42. Though the addition of glass powder helps to increase the degree of hydration of the cement grains as seen from Fig. 2(b) , the effect of dilution is predominant here. However, for the mixtures with w/s of 0.32, the adjusted strength increases until a certain degree of hydration (or, up to a certain glass powder dosage, which is 20% in this case), demonstrating that the filler addition is beneficial in mixtures made with lower w/c. Beyond 20% replacement of cement with glass powder in the low w/cm mixture, the effect of dilution dominates.
Figures 5(a) and (b) depict the strength index (r) as a function of age for plain and modified pastes with w/s of 0.32 and 0.42 respectively. The effective w/c for 0.32 w/s paste with 10% glass powder replacing cement is 0.36. From Fig. 5(a) , the r value for this mixture is very close to 1.0 after 14 days. When the w/c is lower than about 0.36, there is insufficient space for all the hydration products to form, leaving behind unhydrated cement. Addition of fillers like glass powder in such mixtures increases the effective w/c, thus increasing the water filled capillary space and facilitating the formation of more hydration products. For the 0.32 w/s paste with 10% glass powder, there is capillary space available for some more hydration products to form (as compared to the mixture with an effective w/c of 0.32), which is just enough to compensate the dilution effect. Similar observation can be made for the paste with 20% cement replacement also. No such effect is noticed in Fig. 5(b) for 0.42 w/s pastes, even though the enhancement in cement hydration is higher for those mixtures as seen from Fig. 3(b) . The effective w/c at all glass powder replacements are significantly higher in this case, leaving behind capillary pore space even after all the cement has hydrated, and consequently the r values are less than 1.0. The dilution effect dominates in this case. This again shows that the beneficial influence of fillers like glass powder is much more pronounced in mixtures having lower w/c, which is consistent with earlier findings (Bonavetti et al., 2003; Ye et al., 2007) . The strength index as described in this section is an easy-touse quantifiable parameter that can aid in the determination of appropriate cement replacement levels such that the increase in degree of hydration compensates for the dilution effect. Determination of the strength index as a function of w/s can lead to the selection of optimal w/s for a certain filler dosage. The w/s corresponding to an r value of 1.0 in a r-w/s plot will be the optimal w/s for that particular mixture. It needs to be emphasized here that the strength index described above is not the same as strength activity index (SAI) specified in standards such as ASTM C 618 for fly ash or natural pozzolans. While the strength index as stated in this paper accounts for the mass fraction of the cementing material also in the compressive strength ratio, SAI is just the ratio of compressive strength of the mortar containing 20% of the cement replacement material to that of plain mortar. A SAI of 0.75 is required as per ASTM C 618 to be classified as pozzolanic. Figure 6 shows the SAI values at 3, 7, and 28 days for the coarse glass powder used in this study, along with those of a fine glass powder and fly ash (both having particle sizes such that 80% pass through 45μm sieve as compared to 30% for coarse glass powder). It can easily be seen that the coarse glass powder modified pastes always have SAI values less than 0.75, showing that it is not pozzolanic where as fine glass powder and fly ash are found to be pozzolanic as per the definition of SAI.
Gel-space ratio and compressive strength
The concept of gel-space ratio can also be used to understand the relative influence of hydration enhancement and dilution effect on the compressive strength of filler modified pastes. In a cement paste system modified with a filler like glass powder, the gel-space ratio (x) can be expressed as:
where α is the degree of hydration, and vg is the volume fraction of the glass powder. The dilution effect, through the term (1-v g ), and the increase in degree of hydration, through the terms α and powder content, the gel-space ratios are higher for pastes with w/s of 0.32. This once again reiterates that the effectiveness of glass powder in cement pastes is higher when the w/s is lower. The relationship between gel-space ratio and compressive strength for all the pastes investigated in this study is shown in Fig. 8 . The mixtures follow the well known strength-gel space ratio relationship.
Heat of hydration of plain and filler modified pastes
The addition of supplementary cementing materials like fly ash has been observed to decrease the heat of hydration of concrete mixtures, depending on their pozzolanic activity (Bai and Wild, 2002; Zhang and Sun, 2002; Mostafa and Brown, 2005; Pane and Hansen, 2005) , primarily because of the reduction in cement content and retardation of the early hydration reaction. For mixtures incorporating fillers, it has been reported that limestone powder influences the heat production rate of concretes whereas quartzite filler shows no effect (Poppe and De Schutter, 2005) . This section deals with the experimental results and detailed analysis of the heat of hydration of cement pastes incorporating varying amounts of coarse glass powder filler.
Heat of hydration of plain and glass powder modified pastes
The heats of hydration of the pastes were calculated from the semi-adiabatic temperature-time data. In semiadiabatic calorimetry, heat loss from the specimen to the surroundings is possible, and is taken into consideration while calculating the total heat production of the paste. The cumulative heat developed by the cement pastes as a function of time in a semi-adiabatic test set up, Q cum (t), is given as the sum of the heat accumulated in the specimen due to hydration, Q specimen (t) and the heat lost to the surroundings, Q loss (t).
The hydration heat accumulated in the specimen, Q specimen (t) is calculated using the following equation (NT Build 480, 1997):
where c paste , ρ paste , and C are the specific heat, density, and cement content respectively of the paste, and T n+1 -T n represents the difference in mean temperatures between two adjacent recording times. The specific heat of the paste (c paste ) is a function of the specific heats of cement ( The heat lost through the insulating polystyrene sheet surrounding the specimen, Q loss (t) can be calculated from the conductive heat transfer equation:
where κ is the thermal conductivity of polystyrene (0.033W/m o C), A is the area of the specimen that is in contact with the insulating barrier, d is the thickness of the barrier (0.05 m in this case), T specimen (t) is the temperature recorded by the thermocouples inside the specimen at time t, T outside is the ambient outside temperature (taken as 23 o C), and Δt n is the time interval in seconds.
Figures 9(a) and (b) show the cumulative heat of hydration, Q cum (t), for pastes made with varying glass powder contents for both w/s of 0.32 and 0.42. It needs to be mentioned here that Q cum is expressed per unit mass of cement, and not per unit mass of total solids. From both of these figures, it can be seen that, at the end of 3 days (72 hours) of storage in semi-adiabatic conditions, the plain pastes produce the lowest cumulative hydration heat per unit mass of cement for both w/s, mostly because of their higher cement contents. Mixtures containing glass powder show a higher cumulative heat per unit mass of cement, primarily because of the lower cement content, and increased degrees of hydration. However, for both w/s investigated in this study, it is seen that 30% replacement of cement by glass powder results in release of similar or less cumulative heat per unit mass of cement than the pastes with lesser amounts of glass powder. One would expect the heat of hydration per unit mass of cement to be the highest in this case, because of the increased degree of hydration. However, the greater amounts of free water available in the system and the lower cement content restrict large temperature increases, and consequently the cumulative heats of hydration per unit mass of cement are lowered.
Rate of heat development
In addition to the cumulative heat produced by the pastes during hydration, it is also instructive to know the rate of heat production in plain and modified pastes. The time derivatives of the cumulative hydration heat plots give the rates of heat development. Figures 10(a) and (b) show the heat production rates for plain and glass powder modified pastes of w/s 0.32 and 0.42 respectively. The early age data (up to 15 hours) only are plotted since the most noticeable changes in heat of hydration are seen to occur during this period. Comparing the two figures, it can immediately be noticed that the pastes with lower w/s show higher heat production rates at early ages, irrespective of the glass powder contents. Also, the peak in the heat development rate curve appears at earlier times for lower w/s pastes. This is a direct consequence of the higher cement content. For both w/s, an increase in glass powder content lowers the peak value of the heat production rate, delays the appearance of the peak, and flattens the rate curve. The heat production rate in glass powder modified pastes is lowered by the higher effective w/c and the reduced cement content. However, the higher free water available in the system facilitates increased hydration at subsequent times, and consequently higher heat of hydration for glass powder modified pastes. Higher heat production rates have been reported for limestone powder modified cements (Poppe and De Schutter 2005) but the converse is observed in this study. This might be because: (i) the glass powder is relatively coarser, and thus mostly unreactive, and/or (ii) limestone filler may be able to modify the early hydration reactions chemically also due to the presence of carbonate phases (Bonavetti et al., 2001) , while the coarse glass powder exerts mostly physical effects on hydration.
Modeling the heat of hydration of pastes
The cumulative hydration heats, Q cum (t), explained earlier can be expressed as a function of the maturity (M) of the paste using a three parameter equation of the form: (12) Q ∞ is the cumulative heat of hydration per unit mass of cement at t = ∞, τ is the time parameter (hours), and a is a shape parameter.
The maturity of the paste (M) is given as:
where H(T) is given as:
For Portland cement, the activation energy E is taken as 33.5 kJ/mol for T > 20 o C. R is the gas constant (8.314J/mol.K).
The fit parameters (Q ∞ , τ, and a) of Equation 12 can be obtained from a least squares fit of the cumulative heat of hydration data shown in Figs. 8(a) and (b) plotted as a function of M calculated from Equation 13 using the temperature and time data. The experimental data up to a time period of 72 hours was used to extract these parameters since Figs. 9(a) and (b) show that the heat of hydration values are close to stabilizing at this time. This time corresponds to 252 to 286 maturity hours (equivalent time) for 0.32 w/s pastes and 220 to 270 maturity hours for 0.42 w/s pastes. However, the tests were extended to 215 hours for a few mixtures. In such cases, it has been observed that the Q ∞ values are different by only less than 10% as compared to the 72 hour data. The method adopted in this paper overestimates the Q ∞ values slightly, but the trends with varying glass powder contents remain the same.
The heat of hydration parameters obtained from the least squares fit of Equation 12 are listed in Table 2 . The Q ∞ values increase initially with increasing glass powder content. For pastes with 30% glass powder replacing cement, the Q ∞ values are lower than those of pastes with lower glass powder contents for the same reasons as that for lower cumulative heat of hydration. The time parameter decreases with increasing glass powder content for pastes with both w/s. The constant a also decreases with increasing glass powder content, but does not seem to depend on the w/s.
Total ultimate heat of hydration
The total ultimate heat of hydration per unit volume of the paste (Q H ) is expressed as:
Q ∞ is the cumulative heat of hydration per unit mass of cement as described in the previous section, C is the cement content in the mixture, and α ∞ is the ultimate degree of hydration.
To calculate the ultimate degree of hydration of cement in the pastes, the following approach is used. The particle size distribution of cement shown in Fig. 1 , when fitted into a Rosin-Rammler distribution of particle sizes, provided an average particle size close to 20 μm. For plain cement pastes with w/c of 0.30 and 0.50, the long term degrees of hydration of pastes with average particle size of 20 μm, provided by the NIST micro- Table 2 . Figure 11 shows the Q H values plotted against glass powder content for pastes of both w/s. The plain paste with a higher w/s shows a lower Q H value. Even though the Q ∞ values of plain pastes with both w/s are similar as could be seen from Table 2 , the above observation is due to the lower cement content in the high w/s paste. While the high w/s glass powder modified pastes also show lower Q H values as compared to their low w/s counterparts, the difference is not as pronounced as that for the plain paste. For the 0.42 w/s pastes, the Q H value decreases when the glass powder content is increased beyond 10%. The increased degree of hydration is not as effective as the reduction in cement content as far as Q H is concerned beyond this replacement level. For the 0.32 w/s pastes, it is not until a 20% replacement level that the Q H value begins to decrease. This shows that low w/s pastes can absorb more amounts of filler materials, a conclusion that was arrived based on the strength indices also from Figs. 4 and 5. Q H is proposed in this paper as an effective means of comparison between pastes of varying w/s and glass powder contents since it takes into account the ultimate degrees of hydration and the cement content. In other words, the effects of dilution and hydration enhancement are reflected in this term.
Conclusions
This paper has dealt with the study of hydration characteristics (degrees and heat) and relative strengths of cement pastes incorporating coarse glass powder as a filler material. In order to make such non-standard filler materials accepted in concrete production, it is necessary to have a complete understanding of the behavior of these materials in the cementitious system. The experimental investigations reported in the paper were carried out with this objective.
The following conclusions are drawn from this study.
• The degrees of hydration of cement increases with increase in glass powder content, primarily because of the higher effective w/c in the pastes, indicating that the cement grains are more effectively utilized in the presence of glass powder. The enhancement in degree of hydration attributable to the filler material has been quantified in this paper using a simple model.
• Even though the degree of hydration of cement is increased by the incorporation of glass powder, this does not always translate into beneficial mechanical properties because of the dilution effect, i.e., reduction in the amount of cementing materials and consequent reduction in the volume of hydration products. A simple parameter called strength index is outlined in this paper that can be used as a quantitative indicator of the coupled effect of increase in cement hydration and the dilution effect on the mechanical property. The strength index can be used to arrive at optimal cement replacement levels and w/s (or w/c).
Using the strength index it is shown that the use of filler materials like glass powder is advantageous in lower w/s mixtures where a portion of the cement remains unhydrated. Same conclusion is also arrived at from the determination of gel-space ratios of the pastes.
• From the semi-adiabatic heat of hydration results, the cumulative hydration heat per unit mass of cement was calculated to be the lowest for plain ce- ment pastes. Increase in glass powder contents result in an increased cumulative heat production per unit mass of cement. Beyond a certain glass powder content, the heat produced per unit mass of cement starts to decrease. However, when the heat production rates at very early times are analyzed, it is seen that an increase in glass powder content lowers the peak value of rate of heat production, and delays the time of appearance of the rate peak. The rate of heat production is higher for lower w/s pastes irrespective of the glass powder contents.
• Expressing the time dependent cumulative heat of hydration as a function of maturity using a three parameter equation provides the value of the cumulative heat of hydration (Q ∞ ) at t = ∞. Using Q ∞ , cement content, and the ultimate degrees of hydration, the total heat of hydration per unit volume of the paste can be determined. For higher w/s pastes, the Q H values start to decrease after 10% replacement of cement by glass powder where as for the lower w/s pastes, the reduction starts at 20% replacement level. This conclusion is line with that arrived based on strength index, that lower w/s pastes can absorb a higher amount of filler material. The total heat of hydration, Q H , has been shown to be a useful tool to compare between mixtures with different w/s and glass powder contents since this term accounts for both the hydration enhancement and dilution effect because of the addition of the filler material.
